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Abstract
Using a novel pressure membrane (PM) apparatus for the extraction of apoplastic ﬂuid from ﬁeld-grown grape (Vitis
vinifera L.) berries, our hypothesis that signiﬁcant apoplast solutes accumulate at the beginning of the ripening
process (i.e. veraison), and that this accumulation might contribute to progressive berry softening due to
a progressive loss of mesocarp cell turgor pressure (P) was tested. It was necessary to correct the solute potential
(Ws) of ﬂuid collected with the PM for dilution due to the presence of a dead volume in the apparatus, but after
correction, the Ws obtained with the PM agreed with that obtained by low speed centrifugation. A clear decline in
fruit apoplastic solute potential (cA
S) began approximately 10 d prior to fruit coloration, and it was found to be
coincident with a decline in mesocarp cell P and fruit elasticity (E). By late in fruit development when berry growth
ceased (90 d after anthesis), both apoplast and fruit Ws reached almost –4 MPa. These results support the
hypothesis that a decrease in cA
S is responsible for the observed loss in mesocarp cell P, and is the mechanistic
cause of berry softening.
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Introduction
In ﬂeshy fruit, the onset of ripening is often characterized
by softening (Coombe, 1976). Grape (Vitis vinifera L.)
berries exhibit three growth stages, with growth mainly
occurring in the ﬁrst and third stages, and these are
separated by a lag stage. Ripening is considered to begin
with the transition (called ‘veraison’) between the second
and third stages. Berry softening marks the beginning of
this transition (Coombe and Bishop, 1980; Coombe, 1992),
followed by the resumption of secondary expansive growth,
sugar accumulation, and coloration in pigmented varieties
(Coombe, 1992). However, since the onset of pigment
accumulation can readily be observed, it is often regarded
as the approximate date of veraison (Coombe, 1992).
The onset of ripening is a genetically programmed
process in which a series of genes involved in sugar
transport, cell wall modiﬁcation, and anthocyanin biosyn-
thesis are up-regulated at the translational level (Davies and
Robinson, 2000; Goes da Silva et al., 2005). Clearly, how-
ever, increased phloem transport to the berries (Greenspan
et al., 1994, 1996) and changes in cellular water relations
(Matthews and Shackel, 2005; Wada et al., 2008) are also
involved. Recent in situ measurements of turgor (P) in the
mesocarp cells of developing grape berries (Matthews and
Shackel, 2005; Thomas et al., 2006, 2008), have indicated
that preveraison (PreV) berry softening, which essentially
precedes all other physiological events that occur at or near
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Abbreviations: PostV, post-veraison; PreV, pre-veraison; E, berry ﬁrmness (apparent fruit elasticity); P, turgor; Wm, matric potential; Ws, solute potential; w
A
S, apoplast
solute potential; w
T
S, tissue solute potential; w
A
W, apoplast total water potential; DP, pressure gradient (hydrostatic pressure difference); PM, pressure membrane; VS
(l), volume of the ﬂuid extracted from the sample; NS (mol), number of moles of solute containing in ﬂuid (sample) loaded; CS (mol l
 1), undiluted solute concentration
in ﬂuid (sample); VD (l), dead volume; F (N), external force applied; m (dimensionless), Poisson ratio; RO (mm), undeformed radius; y (mm), deformation during
compression.
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reached approximately 0.05 MPa and was stable at this low
level post-veraison (PostV) (Matthews and Shackel, 2005;
Thomas et al, 2006). In a previous study, Wada et al. (2008)
showed that low PostV P was associated with the presence
of substantially increased concentrations of fructose and
glucose in the berry apoplast, but only three distinct stages
of berry development were studied using greenhouse-grown
fruit, and there were no data presented related to berry
softening. In this study, both a low speed centrifuge
technique (Wada et al., 2008) as well as a novel pressure
membrane (PM) technique were used to extract apoplastic
ﬂuid from developing grape berries, and our hypothesis that
an accumulation of apoplastic solutes was synchronous
with P loss and berry softening in ﬁeld-grown fruit was
tested.
Materials and methods
Plant materials
Grape berries (Vitis vinifera L. cv. Cabernet Sauvignon) were
sampled from ﬁeld-grown vines located in the Variety
Collection Block of the Department of Viticulture and
Enology facility at the University of California, Davis, CA,
USA (38 32’ N latitude and 121 46’ W longitude, elevation
18 m above sea level). The anthesis date was noted as the day
on which 50% of the cluster was ﬂowering, with time
measured as days after anthesis (DAA). All ﬂowering within
a cluster occurred within 2–3 d. To document the seasonal
pattern of berry growth, six berries were tagged on DAA
30, and their diameter was measured between 07.30 h and
09.00 h periodically during development with a digital caliper.
Individual berries and entire clusters were also sampled
between 07.30 h and 09.00 h for destructive measurements.
For P, 2–3 typical berries from each of 2–3 clusters were
gently excised at the pedicel and immediately placed into
small aluminium-foil covered mylar zip-top bags that
excluded light and prevented water loss. It was only possible
to complete P measurements on a total of 2–3 berries from
each harvest (see below), but following P measurement, the
accumulation of soluble solids was measured on small
aliquots of juice from each P measured berry with a hand
held refractometer (Reichert A2R200, Reichert GmbH,
Seefeld Germany) and reported as  Brix. For ﬁrmness and
all solute potential measurements, the same clusters as were
sampled for P were excised, immediately placed into large
ziptop bags covered with aluminium foil, stored in a Styro-
foam box at ambient temperature, and transported to the
laboratory. From these clusters, a total of about 12 berries
were sampled and used for berry ﬁrmness measurements,
and an additional 12 berries were used for tissue and
apoplast osmotic potential measurements (see below).
Apoplast and tissue solute potential (Ws)
All Ws measurements for the apoplast (w
A
S)a n dt h et i s s u e( w
T
S)
were determined using dewpoint osmometry (5500 vapour
pressure osmometer, Wescor Inc.) calibrated with NaCl
standards, as described elsewhere (Wada et al., 2008). Brieﬂy,
for w
T
S, tissues were frozen at –90  C, stored at –20  C,
thawed at 25  C for 10 min, centrifuged at 2000 g and Ws of
the supernatant was measured. Apoplastic ﬂuid was extracted
from developing berry mesocarp tissues using both low speed
centrifugation (Pomper and Breen, 1995; Welbaum and
Meinzer, 1990; Wada et al., 2008) and pressure membrane
(PM) techniques. For the centrifuge technique, the extraction
was conducted as described previously for Chardonnay
berries (Wada et al., 2008). Brieﬂy, each berry was sectioned
at the stylar (distal) end with a razor blade, removing
approximately 2 mm of the pericarp, which was used to
determine tissue solute potential. The cut surface of the berry
was carefully blotted and immediately placed on a circular
support screen set at 35 mm from the bottom of a 12 ml glass
centrifuge tube. The top of the tube was sealed with parafﬁn
ﬁlm to prevent water loss from the samples, which were
centrifuged at either 350 g (PreV) or 100 g ( P o s t V )a t4
oC.
The extracted ﬂuid was collected from the bottom of the
centrifuge tube and its volume and Ws measured. The
extraction was completed within 4 h of harvest.
The PM apparatus which was used by Bondada et al.
(2005) to establish a matric potential gradient and cause
a ﬂow of dye solution across the berry apoplast, was
modiﬁed (Fig. 1) by adding a water-ﬁlled pressure vessel
between the gas source and the apparatus to ensure 100%
RH in the apparatus during pressurization. This method
was then used to extract apoplastic ﬂuid from the berry
mesocarp tissue from 4–8 berries. As described previously
(Bondada et al., 2005), the apparatus was similarly con-
structed with high-pressure brass pipe ﬁttings, and a hydro-
philic cellulose ester membrane (0.05 lm pore size, air entry
pressure 2.4 MPa, MWP02500, Millipore, Billerica, MA)
supported by a screen made of stainless steel and a custom-
fabricated support and outlet. The internal dimensions of
the cylindrical pressure vessel were 25 mm in diameter and
20 mm in height. Before tissue extraction, the membrane
was saturated with distilled water, assembled in the device,
and exposed to a pressure equivalent to the extraction
pressure until water ﬂow from the outlet had ceased (20–25
min). After this preconditioning, the cut surface of the berry
was carefully blotted as for the centrifuge technique, and
immediately and directly placed on the membrane. The
berry tissue and membrane were gently assembled into the
apparatus. PreV and PostV samples were exposed to 1.5
MPa and 0.8 MPa, respectively, but during the PreV to
PostV transition (DAA 63–70, see Results), both 0.8 MPa
and 1.5 MPa pressures were used. Apoplastic ﬂuid was
recovered in a vial attached to the outlet.
The physical basis for water extraction by the PM
apparatus is the same as that for the pressure plate
apparatus widely used for soils (Or and Wraith, 2002), and
a possible advantage of the PM approach over the low-
speed centrifuge approach is that in the PM, all of the berry
tissue, as well as the upper surface of the membrane, are
at the same pressure, and hence there is no net load applied
to the tissue. In the centrifuge technique, the tissue is
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tissue closest to the support screen. No negative biological
effects of applying relatively high pressures to root systems
for extended periods of time (days) have been reported
(Passioura, 1988), and hence the PM approach, which was
completed within 8 h of harvest, may be a physically and
physiologically less disruptive method for obtaining apo-
plastic ﬂuid than the low-speed centrifuge approach. Since
both methods are designed to extract water from the tissue
apoplast without damaging cells however, it is expected that
at least some of the extracted apoplastic water will be
replaced by symplastic water during the extraction process,
leading to a dilution of the apoplastic solution. For the
centrifuge approach, the degree of dilution will, in part,
depend on the quantity of symplastic water that results
from tissue compression, and for the PM approach, the
degree of dilution will depend in part on the size distribu-
tion of ﬂuid-ﬁlled pores in the apoplast, with less dilution as
the frequency of larger pores (intercellular spaces) increases.
Neither of these effects can be estimated with any certainty,
but to the extent that the results of centrifugation and PM
techniques are found to agree, the simplest explanation
would be that neither effect is large.
Correction of dilution in the PM apparatus
The calculated water-ﬁlled volume on the atmospheric pres-
sure side of the membrane (dead volume, VD) was 51.4 ll
(Fig. 1, inset), and hence it is expected that the solute con-
centration of any solution extracted through the apparatus
will be diluted by the presence of this dead volume. Given that
the volume of the ﬂuid extracted from the sample is VS,
containing NS moles of solute and hence an undiluted solute
concentration of CS ( ¼ NS/VS), then complete mixing with
VD will give the relation:
CS
CA
¼
VD
VS
þ 1 ð1Þ
where CA is the concentration of the mixed ﬂuid. Equation
(1) shows that the relationship between CS/CA and 1/VS is
expected to be a linear function with a y-intercept of 1
(CS¼CA when VS>>VD) and a slope of VD. Hence, VD can
be determined experimentally by measuring the CS of
different extracted volumes of solutions with known CA.
For this purpose, 20 mm high cylindrical sections of
cellulose sponge material (general purpose sponge,
R70ACER, ACE Hardware) were made with a cork borer
at diameters of 11.5 mm and 13.5 mm (corresponding to the
mean berry diameter of ﬁeld-grown Cabernet Sauvignon
berries at 60 DAA and 90 DAA, respectively), washed with
distilled water thoroughly, stirred in distilled water (two
times at least for 2 h) to remove solutes, squeezed dry,
and oven-dried at 70
oC for 24 h (ﬁnal dry weight of
57.0267.16 g (n¼40) and 82.5865.10 g (n¼36) for the two
contrasting diameters) to remove water, and only used once.
Dry sponges were placed on a membrane which had been
Fig. 1. Schematic diagram of the pressure membrane apparatus (left). Expanded scale (right) shows the details of the PM apparatus
composed of a membrane, support screen, and an outlet attached to the sample stage in the pressure vessel. A water-ﬁlled pressure
vessel was placed between the gas source and the PM apparatus to ensure an RH of 100% in the vessel (see Materials and methods).
When the berry tissue is placed on the membrane and a pressure is applied, apoplastic ﬂuid from the tissue will move to the membrane,
and ultimately through the outlet to the vial at atmospheric pressure, under the inﬂuence of the hydrostatic potential difference (i.e. matric
potential difference). The dead volume in the apparatus was estimated to be 51.4 ll (sum of 26.8 ll for the membrane ﬁlter, 20.4 ll for
the support screen, and 4.2 ll for the outlet).
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NaCl solution (0.13–0.5 ml) was added to the sponge, and
the sponge extracted in the PM apparatus as for the tissue.
Berry cell P measurements and estimation of apoplast
matric potential (w
A
m)
The modiﬁed cell pressure probe technique (Hu ¨sken et al.,
1978) as described previously (Shackel et al., 1987; Thomas
et al., 2006) was used to measure P of individual cells in the
berry mesocarp ranging from 100 lm to 2000 lm below the
surface of the epidermis. Brieﬂy, microcapillary tips were
prepared by a Koph 750 micropipette puller and were
bevelled in a jet-stream of bevelling solution (Ogden et al.,
1978) modiﬁed as described previously (Shackel et al.,
1987). Micropipettes were inserted perpendicularly to the
surface along the equatorial plane of the berries. All
measurements were performed under laboratory conditions
(diffuse ﬂuorescent light, 25  C air temperature, and
localized 100% RH obtained with a humidiﬁer) and were
generally completed within 12 h of detachment from the
cluster depending on the sample size. Previous work has
shown that the berry P does not signiﬁcantly change for up
to 48 h after being excised from the vine if water loss from
the berry is prevented (Thomas et al., 2006).
Many parenchymatous tissues have relatively thin cell
walls and a consequently low fraction of cell wall space.
Cosgrove and Cleland (1983) reported values of about 4%
in a number of parenchymatous hypocotyl tissues. Al-
though there are no measurements of this fraction speciﬁ-
cally for grape, it is estimated from the cell and wall
dimensions reported in Hardie et al. (1996) that the
mesocarp cells of the grape berry are similar, with about
5% cell wall space. Based on this low fraction, it is assumed
that tissue Ws (w
T
S) can be used as a measure of cell Ws,a n d
hence that cell total water potential can be estimated as
P þ w
T
S. Since the cell symplast and apoplast water poten-
tials should be in equilibrium, this is also an estimate of
apoplast total water potential w
A
W, and hence apoplast
matric potential (w
A
m) can be estimated as (ðP þ w
T
SÞ ð w
A
SÞ).
Berry ﬁrmness (E) measurement
Berry ﬁrmness was determined non-destructively using
a custom fabricated instrument which measured force and
displacement during berry compression (Weis, 2006). As
described in Thomas et al. (2008), the observed force/
displacement relation was ﬁt using SAS PROC NLIN
(version 8.2; SAS Institute) to that expected for compres-
sion of a perfectly elastic sphere (Hertz equation, rear-
ranged from equation (2) of Ravi et al., 2006).
EðMPaÞ¼
3F
 
1   m2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2RoD
p ð2Þ
where F, m, RO, and D indicate the external force applied,
Poisson ratio (m, assumed¼0.5), the undeformed radius,
and the deformation during compression, respectively. F is
measured in Newtons and RO and D in mm; the units of E
are MPa.
Results
Dead volume and extraction pressure in the PM
apparatus
In addition to the two contrasting diameters of sponge
material, dilution experiments were performed using two
contrasting extraction pressures and two contrasting solute
concentrations, and in all cases dilution increased exponen-
tially as the sample volume decreased (Fig. 2A–C). The
relation between CS/CA and 1/VS was also linear (Fig. 2D–
F), and there was no signiﬁcant effect (at P <0.05) on the
slope of the relationship for any factor studied. Based on
this result, an overall regression was ﬁt, and a value of 4.54
ll for the effective dead volume (VD) was obtained. This
value was used to correct all of the values for w
A
S.
In order to obtain a sufﬁcient quantity of apoplastic ﬂuid
for analysis from the PM method, PostV berries only
required a pressure of 0.8 MPa for a short time (<1 h)
pressurization, whereas PreV berries required a higher
pressure (1.5 MPa) for a longer time (1.5–2.5 h), depending
on sample (berry) size. The volume of PM-recovered ﬂuid,
i.e. VS in equation (1) was 7.262.2 ll (mean of n¼3261
SD), ranging from 2.0–11.5 ll. The PM yield volume was
slightly larger than that obtained using centrifugation
(5.364.4 ll, mean of n¼9561 SD, ranging from 1–21 ll),
but not signiﬁcantly so (at P <0.05). Since there was no
signiﬁcant difference (at P <0.05) for samples extracted
using a pressure of either 0.8 or 1.5 MPa and collected
between 63 DAA and 70 DAA in terms of yield volume,
w
A
S, and w
T
S (data not shown), data for both extraction
pressures were pooled.
w
T
S measurements
In order to test whether the residual (unused) tissue from
a particular berry could be used to determine the w
T
S of the
tissue that was sampled (used) for centrifugation or in the
PM apparatus, the values of w
T
S for these tissues were
compared. The regression line between Ws of sampled (x)
and residual tissues (y) was y¼0.98x–0.12 with r
2¼0.97 for
PM samples (Fig. 3A). Thus, the relationship was linear and
essentially equivalent across a broad range of sampled w
T
S,
ranging from –0.62 to –4.03 MPa (Fig. 3). A similar
regression line was obtained for centrifugation samples
(y¼0.99x–0.10 with r
2¼0.96) (Fig. 3B). Each equipotential
line was within the 95% conﬁdence bands of both regression
lines (Fig. 3A, B), suggesting that neither extraction
signiﬁcantly affected w
T
S. Based on this result, residual tissue
was used for the measurement of w
T
S.
Apoplastic solute accumulation was coincident with P
and E losses
For Cabernet Sauvignon berries growing under ﬁeld
conditions, the typical double-sigmoid pattern of berry
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diameter (Fig. 4A). After berry growth slowed at the
beginning of Stage II, soluble solids were steady at about
4
oBrix and fruit E was high (about 6 MPa; Fig. 4A–C).
Fruit E and P both decreased between about 52 DAA and
70 DAA (Fig. 4C, D), with a linear positive correlation (see
inset in Fig. 4D), and during this time there were relatively
small changes in
oBrix (Fig. 4B). The w
A
S determined with
both extraction techniques was about –0.60 MPa on
52 DAA, increased slightly to –0.20 MPa on 59 DAA and
showed a progressive decline starting at 59 DAA, about
12 d prior to the appearance of red colour (Fig. 4E). The
reduction in w
A
S coincided with losses in fruit cell P and
fruit E. The agreement between the two extraction techniques
was good, despite large PostV sample-to-sample variation
( e . g .9 2D A A ;F i g .4 E ) .T h er e g r e s s i o nl i n eb e t w e e nw
A
S
obtained by centrifugation (x) and obtained by the PM (y)
was y¼1.17x–0.15 with r
2¼0.90 (not shown). Based on
a linear regression of Ws over time between 59 DAA and 70
DAA, the accumulation rate for solutes in the apoplast was
found to be about 1.5-fold greater than for solutes in the
bulk tissue (–0.14 MPa d
 1 for apoplast and –0.09 MPa d
 1
for tissue, Fig. 4E, F). Fruit E and fruit cell P reached a low
level after veraison, which was maintained throughout the
rest of development (Fig. 4C, D). Both w
A
S and w
T
S reached
almost –4.0 MPa by late in development (Fig. 4E, F). The
Fig. 2. Experimental determination of an effective dead volume in the pressure membrane with sponge columns instead of berry
samples (see Results). Dilution rate (A–C) plotted against the volume of ﬂuid collected from the outlet of PM devices, and CS/CA (D–F)
plotted against 1/Vs. Effects of dilution due to each of the differences in concentration (with –1.00 MPa and –1.95 MPa of NaCl solutions)
(A, D), sample size (with 11.5 mm and 13.5 mm diameters of sponge columns) (B, E), and applied pressures (with 0.80 MPa and
1.50 MPa) (C, F) were tested. Each dead volume was determined from the slope given by ﬁtting at the y-intercept¼1 in regression lines
of CS/CA plotted against 1/Vs.
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(2008) was negative (–0.16 MPa on average); however, only
the ﬁrst two points (52 DAA and 59 DAA) were signif-
icantly different (lower) than zero (Fig. 4G).
Discussion
These results obtained for Cabernet Sauvignon under ﬁeld
conditions have conﬁrmed our earlier observations, limited
to three stages of Chardonnay berry development under
controlled environment conditions (Wada et al., 2008), that
signiﬁcant concentrations of apoplastic solutes occur in
grape berries as part of the ripening process, as also
suggested by Matthews and Shackel (2005) and Thomas
et al. (2006). Given the difﬁculty of obtaining direct
measurements of cell P in intact grape berries and the
resulting small sample size, the decline in E, P, w
A
S, and w
T
S
all began about 60 DAA, more than 10 d prior to skin
coloration. Based on the correlation between P and fruit
ﬁrmness observed in this and other studies (Miganani et al.,
1995; Tong et al., 1999; Thomas et al., 2008), it is suggested
that softening of the grape berry, which is considered to be
the ﬁrst indication of ripening (Coombe, 1992) is due to
a loss of cellular P, and, further, that most of this loss in
P can be attributed to the appearance of solutes in the fruit
apoplast. Fruit w
A
S obtained by both PM and low speed
centrifugation techniques exhibited a wide range of values
(4 MPa), a range which is consistent with the progressive
lowering of berry Ww over development reported by
Matthews et al. (1987). Indirect estimates of apoplastic
matric potential (Fig. 4G) also indicated that post-veraison
reductions in berry Ww could be entirely attributed to
reductions in w
A
S, consistent with previous results (Wada
et al., 2008), and with the post-veraison drop in xylem
tension reported by Tyerman et al. (2004).
Recently, Krasnow et al. (2008) reported a loss of cell
viability in the locular region of normally developing grape
berries, and some research (Lang and During, 1991) has
suggested that a loss of membrane integrity and compart-
mentation, presumably leading to a loss of cell viability as
well as a loss in ﬁrmness (E) and P, occurs as a normal part
of berry development. However, our results show that
P and E both reach low and relatively stable values about
the time that fruit growth resumes and fruit coloration
reaches about 50% (Fig. 4), which is long before any loss in
cell viability was observed by Krasnow et al. (2008; about
115 DAA) in the same variety, also under ﬁeld conditions.
Hence, it is suggested here that the presence of solutes in the
fruit apoplast may be a mechanism to down-regulate P, and
that the level of P could play an important role at the
cellular level in berry developmental/ripening processes. An
active down-regulation of P, rather than a general loss in
compartmentation, is also more consistent with numerous
lines of evidence for the continued expression of membrane
intrinsic protein genes after veraison (sugar transporters:
Davies et al., 1999; Fillion et al., 1999; aquaporins: Delrot
et al., 2001; Picaud et al., 2003). In tomato, Mignani et al.
(1995) showed an association of low P to increased rates of
a number of ripening-related processes (colour develop-
ment, polygalacturonase activity, pectin solubilization),
and Saladie et al. (2007) have reported a decline in P as-
sociated with ripening, as well as a maintenance of P that
was associated with a maintenance of whole fruit integrity
Fig. 3. Residual tissue cell solute potentials as a function of
sampled tissue cell solute potentials from individual berries
sampled from ﬁeld-grown Cabernet Sauvignon vines at various
days after anthesis (DAA). All solute potentials were measured at
the extractions with either the PM technique (A) or the centrifuge
technique (B). The solid line indicates the regression line. Working–
Hotelling hyperbolic conﬁdence bands for the regression lines
were calculated from data points at P¼0.95 for each case.
Hyperbolic conﬁdence curves for regression line are drawn with
dashed lines. The dotted line indicates the equipotential line.
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the differential maintenance of P to differences in cuticle
properties and whole fruit water loss, a role of symplast/
apoplast distribution of solutes was also recognized as
a possible mechanism to explain P differences.
Since the grape berry as a whole is accumulating solutes
(mainly sugars) during the time that P is declining (Fig. 4),
and the main contributors to w
A
S are sugars (Wada et al.,
2008) it is not clear whether the decrease in w
A
S is
a consequence of solute release, or simply reduced solute
uptake, by mesocarp cells. The transcription level of cell
wall invertase in grape was elevated prior to veraison
(Hayes et al., 2007), and this enzyme has been reported in
tissue surrounding the fruit vasculature (Famiani et al.,
2000), both consistent with a role of invertase in the
hydrolysis of sucrose unloaded from phloem (Patrick, 1997)
and a decrease in the solute potential of the fruit apoplast.
However, changes in solute transport to and within the
grape berry may only be one of a number of events that
occur prior to veraison.
One difﬁculty in hypothesizing a generalized sequence of
events for grape berry development using veraison as the
developmental reference point is that the term ‘veraison’ has
not been used consistently in the literature. Historically, this
term primarily referred to colour change (Coombe, 1992;
Mullins et al., 1992). The growth habit of the berry,
typically designated as Stage I, II, and III (Winkler et al.,
1972; Coombe, 1976), has been used to assign veraison as
the transition from Stage II to Stage III (Matthews et al.,
1987). Coombe and Bishop (1980) used berry deformation
under an applied load as a measure of softening, and found
a gradual increase in deformation from 0.1 mm to 0.2 mm
over about 6 d, followed by a rather sudden (1 d) increase
to 0.4 mm. The occurrence of this sudden increase was
identiﬁed as the day of veraison, and, later, Coombe (1992)
proposed simply that a berry deformation of 0.4 mm
indicated veraison. One difﬁculty with this approach is that
deformation is inversely related to berry elasticity (E), such
that the apparently small initial increase in deformation
from 0.1 mm to 0.2 mm actually corresponded to the largest
and most rapid decrease in E (Thomas et al., 2008). Hence,
small increases in deformability, rather than a ﬁxed thresh-
old deformability, may be most indicative of softening. For
instance, Nunan et al. (1998) measured a small increase in
deformability (to about 0.2 mm) between 44 DAA and 58
DAA, but following Coombe’s criteria did not consider this
as veraison, even though they also reported the largest
change in linkage composition for the wall polysaccharides
Fig. 4. Changes in berry size (A), soluble solids (B), fruit E (C),
mesocarp cell turgor (D), apoplastic solute potential (E), tissue
solute potential (F), and calculated apoplastic matric potential (G)
for ﬁeld-grown Cabernet Sauvignon berries. With the exception of
(B), all error bars are 61 SD and are smaller than the symbol if not
present. In (A) data are means of six tagged berries measured over
the season. In (B) data are the mean of the 2–3 berries used for P
measurements, and in (D), data are the mean of 7–18 cells in 2–3
berries. A positive correlation between E and P was observed
(inset in D: E¼18.93P + 0.26, r
2¼0.76, and Working–Hotelling
hyperbolic conﬁdence bands at P¼0.95). (C, E–G) Data are means
of about 12 values with the exception of the last two values (85
DAA and 92 DAA) for which n¼6 and n¼3, respectively. In (G) the
weight-averaged matric potential is shown (see Results). Solid
lines in all graphs are 65% smoothed cubic splines (version 8.2;
SAS Institute) ﬁtted to the raw data.
Seasonal change in fruit apoplastic water relations | 1779that were considered to be the most signiﬁcant (1–4 linked
Galp residues) at this time. Our data (Fig. 4) suggest that P
and E are closely linked, and that softening, as measured by
a decrease in P or E, is an earlier event in ripening than the
0.4 mm increase in deformation proposed by Coombe
(1992).
Implicit with each use of veraison has been the un-
derstanding that a number of other changes, such as an
increased rate of sugar accumulation, softening, and berry
growth, also occur around this time, and most uses
parenthetically deﬁne veraison as ‘the onset of ripening’.
However, for a process as complex as ripening, ‘onset’ may
be difﬁcult to deﬁne. Hence, we suggest that the term
veraison only be used to refer to a general period of time
during which a number of processes are occurring (soften-
ing, renewed growth, sugar accumulation, loss of green
colour, and synthesis of red colour in pigmented varieties),
and that terms and objective methods of measurement that
are speciﬁc to each of these processes be adopted for
describing berry development.
Essentially all of the sugar that is accumulated by the
developing grape berry must ultimately reside in the
vacuoles of the mesocarp cells, and so the similarity in
symplast and apoplast Ws during this accumulation (Fig.
4E, F), indicates that sugar transport rates across the
plasmalemma and tonoplast membranes are highly co-
ordinated in the intact fruit. If similar processes occur in
other fruits, then experiments which expose excised fruit
tissue to water or dilute nutrient solutions to measure
apparent membrane integrity by the loss of solutes (Azevedo
et al., 2008) must be interpreted with caution. For instance,
solute loss under these conditions may be the result of
selective membrane transport to down-regulate P,r a t h e r
than an indication of a loss in membrane integrity. In an
early study on cell water relations and fruit development in
apple, Steudle and Wieneke (1985) were able to manipulate
P in excised tissue over a relatively wide range (0.2–1.0 MPa)
by manipulating the Ws of the incubation media, but ac-
knowledged that intact fruit P could not be inferred from
their values. Interestingly, Steudle and Wieneke (1985) found
the expected increase in cell E with P, but also found that cell
E increased as fruit size and cell size increased, contrary to
their expectations that apple fruit growth and softening
would be associated with a decrease in cell E. This under-
scores the critical need for measurements of P and other cell
water relations properties in intact fruits, in order to develop
a better understanding of the processes that contribute to
fruit ripening and softening.
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